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Abstract 
Precision welding is a key step in the manufacturing of thin walled metal 
bellows, diaphragms, sensors etc. and for this; a welding process must 
reliably maintain tight operational tolerance without interfering with product 
function. The present work is focused on pulsed current Micro Plasma Arc 
Welding (MPAW) welding of Titanium (Ti-6Al-4V) metal. Peak current, back 
current, Pulse rate and Pulse width are chosen as welding parameters, 
whereas Front width and Back width of the weld bead are considered as 
output responses. Finite Element Analysis (FEA) is done in ANSYS workbench 
R15.0 at different peak currents keeping base current, pulse rate and pulse 
width constant. The values of front width and back width obtained 
experimentally and FEA are compared and % error is found. 
 
Keywords: Plasma arc welding, FEA analysis, welding parameters, titanium 
(ti-6Al-4V). 
 
INTRODUCTION 
Ti-6Al-4V (Ti-64) is one of the most 
important titanium alloys. It accounts for 
about 45% of the total weight of all 
titanium alloys produced and more than 
80% of titanium alloys used in aerospace 
industry. Ti-64 is also used in medical 
implants and in automotive, marine and 
chemical industries. Ti-64 is and α+β alloy 
which combines attractive mechanical 
properties with good workability and the 
best weld ability of α+β alloys.[2] 
 
 
 
39 Page 38-57 © MANTECH PUBLICATIONS 2019. All Rights Reserved 
 
Journal of Material Science & Manufacturing Technology 
Volume 4 Issue 2 
 
Application of Ti-64 is limited to about 
350°C which limits its use in high 
temperature applications. In the aerospace 
industry, Ti-64 is extensively used in the 
cold section of jet engines, i.e. in the fan 
and compressor sections. For successful 
welding of titanium, some factors need to 
be considered. Titanium is extremely 
reactive in temperatures exceeding 500-
650°C. It reacts with elements in 
impurities or air such as C, O, N, and H. 
These elements strengthen titanium but 
small amounts also impair ductility and 
toughness of titanium joints. The effects of 
the heating and cooling cycles involved in 
welding processes on the mechanical 
properties of the alloys and the specific 
alloy composition also need to be 
considered. PAW process is one of the 
best welding methods available for joining 
titanium and its alloys.[33]. 
 
Abhishek B P et al. [12] investigated the 
behavior of welded zone is affected by 
variation in temperature distributions, 
microstructures and mechanical properties 
of the materials.The main objectives of 
this simulation is the determination of 
temperatures and stresses during and after 
the process. Temperature distributions 
define the heat affected zone (HAZ) where 
materials properties are affected.Edwin 
Raja Dhas, J.a et al. [13] investigated the 
modeling and prediction of dimensions of 
Heat-Affected Zone for SAW process 
using Finite Element Analysis (FEA) and 
Artificial Neural Network (ANN).V 
Dhinakaran, N Siva Shanmugam et al. [14] 
analyzed the Numerical simulations are 
carried out with the proposed parabolic 
Gaussian heat source (PGHS) 
model.[3]Experimental trials on thin 
titanium alloy sheets are carried out to 
enable the validation of the proposed 
PGHS model and appears to have a good 
correlation with the experimental result 
and clear parabolic shape of the bead. 
 
C.S. Wu et al. [15] examined the available 
heat source models, either planar one like 
Gaussian or body ones like double-
ellipsoidal and rotary Gaussian modes. 
This adaptive heat source model, finite-
element analysis of temperature profile in 
keyhole PAW is conducted and the weld 
geometry is determined.PrashantSagar et 
al. [16] studied the TIG welding and main 
focus is on temperature distribution. The 
aim of the study presented in this paper is 
to determine the temperature distribution 
profile by using effective and reliable 
method of simulation. [33] Simulation was 
performed for Titanium-G5 alloy (Ti-6Al-
4V), the most commonly used alloy of 
titanium.Sadaf Batool, Mushtaq Khan et 
al. [17] focuses on comparison of the weld 
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geometry, distortion, microstructure and 
mechanical properties of thin SS 304L 
sheets welded using micro-plasma arc 
welding and tungsten inert gas welding 
process.Tao Zhang et al. [18] studied the 
three-dimensional transient model is 
established to analyze numerically the 
evolution of the weld pool, the keyhole 
shape and dimensions, and the ﬂuid 
convection and temperature proﬁles in a 
PAW weld pool. 
 
The dynamic development of keyhole 
geometry and its interaction with the weld 
pool are numerically simulated.Haﬁz 
Waqar Ahmad et al.[19] studied welding 
residual stresses of multi-pass dissimilar 
material welded joint between alloy 617 
and 12Cr steel were analyzed numerically 
and experimentally. 
 
In any welded joint the quality of weld 
bead is a primary objective. The deposited 
filler metal on and in the work surface 
when the wire or electrode is melted and 
fusion in to the steel is called bead. There 
are two types of beads are available, (a) 
narrow bead (b) wave bead.A stringer bead 
is a narrow bead with only a dragging 
Motion Or Light Oscillation, while a wave 
bead is a wider width more Oscillation. 
[26]. 
 
The objective of the paper to compare the 
experimental values of front width and 
back width of the weld bead with FEA 
values and compute the % error. 
 
EXPERMENTATION 
Plasma arc welding, the plasma is 
generated between tungsten electrode and 
the nozzle ,this plasma provides the heat 
required for melting the faying surfaces 
and get the metallic continuity without 
adding any filler material[26].Among the 
welding methods available for joining 
titanium and its alloys in aerospace 
industry, plasma arc welding (PAW) has 
the ability to produce high depth-to-width 
ratio and higher welding rate, and hence, 
PAW is preferred in comparison with 
other conventional arc welding methods 
for welding titanium and its alloys[35]. 
 
In plasma arc welding (PAW), introduced 
around 1960, a tungsten electrode is 
contained in a specially designed nozzle 
that focuses a high-velocity stream of inert 
gas (e.g. argon or argon–hydrogen 
mixtures) into the region of the arc to form 
a high-velocity, intensely hot (25,000°C) 
plasma arc stream [35], as shown in Fig. 1. 
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Fig.1 Plasma arc welding [1] 
 
Advantages of plasma arc welding are, it is a high welding speed and High energy available 
for welding. It can be easily used to weld hard and thick work pieces.During arc formation 
there is no effect on distance between tool and work piece and Low power consumption for 
same size weld.The disadvantages of PAW comprise high cost of equipment and larger torch 
sizes than other arc welding methods [2]. The plasma arc welding processes are widely used 
in aerospace industries, automation and marine industries for accurate results. 
 
Experimental Procedure 
Titanium (Ti-6Al-4V) sheets of 200 x 200 x 0.5 mm are welded autogenously with square 
butt joint without edge preparation. The chemical composition and tensile properties of 
Titanium (Ti-6Al-4V) sheet is given in Table 1 & 2 
 
Table:-1 Chemical composition of Titanium (Ti-6Al-4V) (weight %) 
V Al Fe C N H O Ti 
5.8 4.00 0.20 0.05 0.03 0.011 0.19 89.71 
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Table 2 Mechanical properties of Titanium (Ti-6Al-4V) 
Young’s Modulus 113.8 Gpa 
Poison’s Ratio 0.342 
Tensile yield strength 830 Mpa 
Ultimate compressive Strength 1080 Mpa 
Ultimate Tensile Strength 900 Mpa 
Density 4.42g.cm
-3
 
Thermal conductivity 6.7 W/m-K 
 
High purity argon gas (99.99%) is used as a shielding gas and a trailing gas right after 
welding to prevent absorption of oxygen and nitrogen from the atmosphere. The welding has 
been carried out under the welding conditions presented in Table 3. 
 
Table 3 Welding conditions [2] 
Power source Secheron Micro Plasma Arc Machine (Model: 
PLASMAFIX 50E) 
Polarity DCEN 
Mode of operation Pulse mode 
Electrode 2% thoriated tungsten electrode 
Electrode Diameter 1 mm 
Plasma gas Argon & Hydrogen 
Plasma gas flow rate 6 Lpm 
Shielding gas Argon 
Shielding gas flow rate 0.6 Lpm 
Purging gas Argon 
Purging gas flow rate 0.6 Lpm 
Copper Nozzle diameter 1mm 
Nozzle to plate distance 1mm 
Welding speed 260 mm/min 
Torch Position Vertical 
Operation type Automatic 
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There are many influential process 
parameters which effect the weld quality 
characteristics of Pulsed Current MPAW 
process like peak current, back current, 
pulse rate, pulse width, flow rate of 
shielding gas, flow rate of purging gas, 
flow rate of plasma gas, welding speed etc. 
From the earlier works [3, 21] carried out 
on Pulsed Current MPAW it was 
understood that the peak current, back 
current, pulse rate and pulse width are the 
dominating parameters which affect the 
weld quality characteristics. The values of 
process parameters used in this study are 
the optimal values obtained from our 
earlier papers [3,21].  Details about 
experimental setup are shown in Figure 2
. 
 
a) Welding fixture 
 
 
b) Power source 
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c) Plasma and Shielding gas cylinders 
Fig.2 MPAW Setup with accessories [3] 
 
Microstructure Analysis  
Three metallurgical samples are cut from 
each joint leaving the edges of defective 
portion of the welded length. Defective 
length of weld is identified visually and 
also by conducting dyes penetrant and X-
ray tests and mounted using Bakelite. 
Sample preparation and mounting is done 
as per ASTM E 3-1 standard. The 
transverse face of the samples are surface 
ground using 120 grit size belt with the 
help of belt grinder and  polished 
sequentially using grade 1/0 (245 mesh 
size), grade 2/0( 425 mesh size) and grade 
3/0 (515 mesh size) sand paper. The 
specimens are further polished using 
aluminum oxide, diamond paste and velvet 
cloth on a disc polishing machine.[5] The 
polished specimens are macro-etched 
using Kroll’s reagent (100 ml water, 1-3 
ml hydrofluoric acid, 2-6 ml nitric 
acid)solution to reveal the microstructure. 
 
The weld pool geometries were measured 
at 100X magnification using Inverted 
Trinocular Metallurgical Microscope, 
Make: BS Pyromantic, Model No. BSPIL-
MET-01013. Weld bead geometry for 
sample is presented in Figure.3 and 
Figure.4 
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Front width                                       Back width 
Fig.3 Weld bead geometry (Before polishing etching) at 100X 
 
 
Fig.4 Weld bead geometry after etching at 30X 
 
The experiments were conducted as per the Table.4and the values of weld bead geometry 
measured by metallurgical microscopes are presented 
Table.4 Experimental Results 
 INPUT PARAMETERS OUTPUT 
RESPONSES 
Exp 
No. 
Peak 
Current 
(PC) 
(Amperes) 
Base current 
(BC) 
(Amperes) 
Pulse Rate 
(PR) 
(Pulses/second) 
Pulse 
width 
(PW) 
(%) 
Front 
Width 
(mm) 
Back 
Width 
(mm) 
1. 26 11 10 20 1.542 1.4032 
2. 28 17 50 30 1.563 1.4036 
3. 30 17 10 40 1.536 1.4031 
4. 32 11 40 30 1.546 1.4150 
5 34 15 20 20 1.523 1.3870 
 
 
 
 
46 Page 38-57 © MANTECH PUBLICATIONS 2019. All Rights Reserved 
 
Journal of Material Science & Manufacturing Technology 
Volume 4 Issue 2 
 
FINITE ELEMENT ANALYSIS 
Finite element method is one of the most 
useful methods for calculating the desired 
values like stress. Strain, deformation, 
velocity and temperatures. The finite 
element method in the software name 
ANSYS (analytical systems).The ANSYS 
computer program is a large-scale multi-
purpose finite program which may be used 
for solving several classes of engineering 
analyses. In this software several types’ 
modules are there such as static structural, 
transient, CFD, study state thermal 
analysis etc. In this paper we are used in 
the Ansys module is study state thermal 
analysis. 
 
Analytical Modeling 
The regular method of arriving at welding 
parameters through experimental trials 
may not be suitable for titanium (Ti-6Al-
4V) alloys because of titanium alloys are 
high cost. Modeling may be a better 
alternative to predict the temperature 
distribution and weld bead shapes and 
sizes during welding. An analytical model 
that is capable of providing closed form 
solutions will be a better alternative to 
predict the results, which in turns the weld 
bead geometry. The following assumptions 
are considered in deriving the analytical 
solution: 
 
1. The initial temperature of the work 
piece is 300 K.  
 
2. The plasma arc is traveling with 
constant velocity along the weld bead. 
 
3. The phase change phenomenon is 
incorporated by considering the 
enthalpy of the material.[15] 
 
For any analysis 3 steps are following 
those are modeling, boundary conditions 
and solutions. In this paper the modeling is 
done in Ansys design modular and 
properties of Ti-6Al-4V such as density 
4.42 g/cc, thermal conductivity 6.7 W/m-K 
, specific heat 0.5263 J/g-c. thesize of the 
weld bed plate was 200*150*5 mm. 
simulation of Ti-6Al-4V was done by 
ANSYS 15.0: the engineering data was 
selected for Ti-6Al-4V.  
 
Meshing is one of most important part of 
analysis. It is directly affected the results 
of simulation. Sometimes results may 
deviate a little due to meshing. For better 
results meshing should be dense near to 
the welding line and rare away from the 
center line. In this paper we use simple 
meshing in the size of 2mm as shown in 
figure 5. 
 
 
 
 
 
47 Page 38-57 © MANTECH PUBLICATIONS 2019. All Rights Reserved 
 
Journal of Material Science & Manufacturing Technology 
Volume 4 Issue 2 
 
 
Fig.5 simple meshing on weld bead plate. 
 
After that loading is applied on weld bead plate and the type of loading is thermal loading. Input 
parameter of this analysis is heat flux. The heat fluxes are loads at 28.86 (W/mm2), 30.09 (W/mm2), 
27.88 (W/mm2), 28.95 (W/mm2) and 28.73 (W/mm2) are shown in figure 6. 
 
 
Fig.6 Thermal load on weld bead zone. 
 
Calculation of the heat flux values based on experimental input parameters 
Heat flux, q ═ -k*∆T/∆X 
  ∆T═ Q*R 
V═ IR 
R═V/I 
Q═VI/N 
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  ∆X For Weld Bead Plate ═ 0.002 mm 
                                      R ═ 23/26 
  ═ 0.884 
∆T ═ 2.04*0.884 
═ 1.80 
  q ═ 32*1.80/0.002 
   ═ 28800/1000 
 ═ 28.86 W/ mm2 
 
Nomenclature;    K- thermal conductivity 
                           ∆T- temperature difference 
                           Q - Heat input 
                           V - Voltage in V 
                            I – current in Amps 
                            R – Resistance 
                            N – Welding Speed. 
 
By using this analysis we find out weld bead front and back widths are measured and those 
values are as shown in figures 7, 8,9,10 and 11 & table.5.  
 
 
Fig.7 weld bead front width and back width at 28.87 w/mm2 
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Fig.8 weld bead front width and back width at 30.09 w/mm2 
 
 
Fig.9 weld bead front width and back width at 28.75 w/mm2   
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Fig.10 weld bead front width and back width at 28.95 w/mm2. 
 
 
Fig.11 weld bead front width and back width at 28.73 w/mm2 
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Table.5 Analytical Values 
S.No Heat Flux ( W/mm
2
) Front Width (mm) Back Width ( mm) 
1. 27.87 1.4649 1.3330 
2. 30.09 1.4770 1.3264 
3. 28.75 1.4499 1.3329 
4. 28.95 1.4678 1.3343 
5. 28.73 1.4468 1.3176 
 
RESULTS AND DISCUSSION 
Comparison of experimental and FEA values of fronth width and back width are presented in 
Table.6 and their variation is shown in figures.12 and 13. 
 
Table 6 comparisons of experimental and analytical values 
S.no Exp 
no 
Experimental values Analytical values 
Front width Back width Front width Back width 
1. 1. 1.5420 1.4032 1.4649 1.3330 
2. 10 1.5630 1.4036 1.4770 1.3264 
3. 14 1.5360 1.4031 1.4499 1.3329 
4. 16 1.5460 1.4150 1.4678 1.3343 
5. 23 1.5230 1.3870 1.4468 1.3176 
 
 
Fig.12 Experimental front width and analytical front width 
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Fig.13 Experimental back width and analytical back width 
 
In optimization processUnderstood that 25 experiments, 21 has the optimal solution. That is 
at Peak Current of 34 Amps, Base Current of   11 Amps, Pulse rate of 50 Pulses/sec and pulse 
width of 50 % we get the optimal output (weld bead geometry). As well as analytical process 
also optimal solution appeared in same condition. 
 
 The percentage error between experimental values and analytical values as shown in table 7. 
Table.7 % of error 
S.no Exp no Experimental 
normalized values 
Analytical values Front 
width % 
of error 
Back 
width % 
of error Front width 
(mm) 
Back 
width 
(mm) 
Front 
width 
(mm) 
Back 
width 
(mm) 
1. 1 1.5420 1.4032 1.4649 1.3330 5.000 5.002 
2. 10 1.5630 1.4036 1.4770 1.3264 5.500 5.500 
3. 14 1.5360 1.4031 1.4499 1.3329 5.610 5.003 
4. 16 1.5460 1.4150 1.4678 1.3343 5.050 5.703 
5. 23 1.5230 1.3870 1.4468 1.3176 5.003 5.003 
 
1.3
1.32
1.34
1.36
1.38
1.4
1.42
28.5 29 29.5 30 30.5
b
ac
k 
w
id
th
 in
 m
m
Heat flux in W/mm2
Heat flux  vs  experimental  back width values and  
analytical back width values
Exp back width
Analytical back width
 
 
 
53 Page 38-57 © MANTECH PUBLICATIONS 2019. All Rights Reserved 
 
Journal of Material Science & Manufacturing Technology 
Volume 4 Issue 2 
 
Front width average % error is found to be 
5.260,  Back width average % error is 
found to be 5.242 and the very reason for 
having a margin of 5.260, 5.242 % error 
with the experimental and Ansys results is 
due to the series of assumptions that are 
followed in the experimental values for 
which exact analytical solution is very 
difficult process. 
 
CONCLUSIONS  
The following conclusions are drawn 
based on the experiments performed. 
 From the experimental and FEA 
analysis it is understood that front 
width is large than back width.   
 
 From the experimental FEA analysis it 
is found that as the peak current 
increases the front and back width 
values increases, it is due to large heat 
inputs at higher currents leading to 
more melting of the base metal. 
 
 The % error between experimental and 
FEA values is around 5.2%, this is due 
to the series of assumptions that are 
followed in the experimental values for 
which exact analytical solution is very 
difficult process. 
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